The survey of waterbodies or underwater installations is a challenging task. To reduce the danger for divers, Autonomous Underwater Vehicles (AUVs) can be deployed. These requires a high manoeuvrability and agility in order to provide access in hard-to-reach areas. Smart-E is an omnidirectional AUV designed and developed at the Institute of Computer Engineering of the University of Luebeck. The drive is realized by the minimal configuration of three thrusters that are arranged at 120
Introduction
The inspection of underwater environments requires a high amount of sensing capabilities as well as an underwater vehicle with a high mobility and manoeuvrability. Therefore, the most common techniques used today are still inspections by boats, divers, remotely operated vehicles (ROVs) or static sensor networks. The capabilities of ROVs are naturally a ected by the limited scope caused by power and/or communication cables and the use of them requires a high amount of manpower, as with boats and divers. While sensor networks are very useful for long time measurements, the inspection area and the possibility to adapt to changing situations is rather restricted.
Autonomous underwater vehicles can provide a magnificent opportunity to save costs and to inspect even hard to reach areas like shipwrecks or man-made underwater constructions. One example robot is introduced and explained in [6] . The AUV REMUS was developed for the investigation of shallow coastal areas such as harbours and o shore areas.With a length of 135 cm and a weight of 31kg it has limited accessibility. Other trends make use of robot swarms consisting of small vehicles like in [5] , but this leads to other challenges like swarm algorithms.
One other idea to achieve a higher agility was implemented in the SQX-500 Twin-Pod AUV [7] . This AUV consists of two pressure-resistant torpedo-shaped housings arranged one above the other to get a large * E-mail: meyer@iti.uni-luebeck.de † E-mail: ehlers@iti.uni-luebeck.de ‡ E-mail: christoph.osterloh@googlemail.com § E-mail: maehle@iti.uni-luebeck.de vertical distance between its center of gravity and center of buoyancy. The result is a very passively stable platform with a zero turning radius.
To further increase the manoeuvrability, omnidirectional drives provide a good opportunity to achieve holonomic motion in 3D space. The underwater robot ODIN presented first results with such a propulsion technique using a large number of thrusters in [2] , [3] , [4] . This paper presents the development of the autonomous omnidirectional underwater robot Smart-E which realizes a holonomic drive with only three thrusters. This enables new capabilities and behaviors which make it unique compared with other underwater robots. The remainder of this paper is structured as follows: Section 2 provides an overview of the vehicle and the used hardware while section 3 describes the software architecture of the system. Section 4 presents the mathematical background for the holonomic motion of the robot as well as results of the controller while section 5 gives a conclusion.
Vehicle Concept
The overall aim of the Smart-E project was to construct a fully holonomic AUV with a spherical shape, as was also chosen in the ODIN project. However, this construction has the disadvantage of a big volume and consequently a big water displacement of the vehicle. To reduce the volume, the hull was clinched to an elliptical shape which is well applicable for moving in the plane and to compensate imbalances by e.g. drifts. This still requires a good calculation of the weight and size of inner hardware components to maintain positive buoyancy. The drive is realized by the minimal configuration of three thrusters that are arranged at 120
• angles to each other, which is well known from many mobile land robots. To extend this movement to the 3D space, at least one additional vertically mounted thruster is required. This would Figure 1 . From fiction to reality. The CAD draft and design prototype created in the 3D-CAD software SolidWorks [10] on the left and the real assembled robot on the right. The robot is made of solid materials like carbon fiber, aluminium and stainless steel with a large acrylic bayonet closure illuminated by RGB-LEDs in the robot' s center.
lead to higher costs, weight and power consumption. To solve this disadvantage, the three thrusters of the AUV for moving in a plane are equipped with an additional radially rotating axis that allows a rotation of 180
• . Since this is a very complex design, especially for an underwater robot, first parts were designed in the 3D-CAD software SolidWorks [10] to check the fitting of the parts and the clearance for rotation of the thrusters, see Figure 1 . To allow an easy access to the hardware, the complete hull can be opened by a centred bayonet ring made of acrylic glass. Furthermore, the transparent ring enables the user to receive a visual feedback from the robot because of an illuminated projection by RGB-LEDs circularly mounted in the robot.
Mechanical and Electrical System
The Smart-E underwater robot consists of many prototypical parts combined to form a complex platform to achieve an autonomous vehicle with high agility. Compared to other AUVs, the size and weight are calculated to let the robot be handled by only one person. Therefore, the various components are very specialized and small in size.
The Hull
The hull of Smart-E is made of 3 mm Glass fiber Reinforced Plastic (GRP), coated with a carbon fiber layer and is composed of two half shells. It has a diameter of 32 cm and a height of 10 cm that acts as a complete pressure housing for the electronic parts. The upper and the lower half shells are connected by a bayonet closure made of acrylic glass rated to a depth of 10 m. The two parts can be sealed or opened by rotating the half shells against each other for fast internal access to the robot. Furthermore, the friction of the seal prevents the robot from being opened by accident. Acrylic glass was chosen for the bayonet ring because of its salt water resistance and its transparency. This allows the circular attachment of RGB-LEDs on the inside to indicate the current state of the robot and also can be used as strobe lights in dark environments. The robot is surrounded by a ring made of stainless steel with a diameter of approx. 70 cm. This ring fixes the axis of the motors at the exterior and serves as a protection for the motors and the hull in case of collision with a wall or an obstacle. Additionally, this ring can be used to lift the robot. The arches that connect the ring with the hull are made of aluminium for the fixture of the lower half shell on the one hand and the turning of the upper half shell to open the robot on the other hand. The shaft that allows the radial turning of the motors is held and sealed by two shaft feedthroughs, one mounted on the inner side and the other mounted on the outer side of the bayonet ring. The space between the shaft feedthroughs is filled with a special water resistant grease to be sure that no water can enter. For the camera, a small acrylic camera dome with a diameter of 10 cm is mounted underneath the bottom half shell. The camera is attached to a small tilt unit that enables the camera to rotate 90
• in order to look ahead or to look downward. At the bottom center, a 3D printed mounting holds the scanning sonar enabling the robot to perform 360
• distance measurements for localization.
Thrusters and servo motors
Smart-E is driven by three SeaBotix BTD150 thrusters. They are rated for a maximum depth of 150 m and can generate a continual propulsion of 2.2 kgF with a maximum power consumption of 200 W and have a weight of only 350 g in fresh water. The thrusters can be rotated radially through 300
• whereby only 180
• are required for the holonomic movement in any direction. Therefore, three digital servo motors (Dynamixel AX-12A) are installed inside the robot. They have a resolution of 0.35
• and need approx. 0.6 sec for a 180
• rotation. They can be powered from 7 V-10 V and have a final max holding torque of 16.6 kgF powered by 10 V. The maximal current of one servo motor is 900 mA. These servo motors were chosen not only because of their speed and torque but also because of their features like position, temperature, load or voltage input. The Dynamixel AX-12A servos are connected to a serial bus system that is connected to the controller via an USB adapter. The servos are mounted on a plate made of carbon fiber that is strong enough to withstand the torsion of the servo motors but also weights only 50 g.
Battery System
Smart-E is equipped with several batteries. Because of the small payload of the robot, a compromise between the power of the batteries and the weight has to be made. Since the thrusters require the most power, a 11.1 V Lithium Polymer battery (LIPO) with 4.5 Ah and a weight of 340 g is used. The servo motors have their own power supply since their voltage is rated from 7 V-10 V. Therefore, another 7.4 V, 5 Ah LIPO battery with a weight of 250 g is integrated in the robot. The third power supply is for the sensors and controllers. Here, a second 7.4 V, 5 Ah LIPO battery is used. Connected to it is a small voltage conversion board that provides the required voltages for the controller, sensors and the servo motor that rotates the camera. Each of these parts has its own high e ciency switching regulator to reduce the ripple and noise on the power supply. The batteries are placed in the upper half shell of the robot to obtain the centroid in the center of the robot which benefits from the omnidirectional control. Furthermore, this accelerates the charging process of the robot because the upper half shell can be unplugged very quickly and taken to the battery charger. The electronic system can be disabled by a kill switch placed at the topside center connected to the various batteries by a relay.
Controller and Sensors
The AUV consists of a number of inter-connected electronic modules, like a level-shifter board for the I 2 C bus or the controller boards. Some of these parts are designed and built in-house, like the PCBs. An overview of the hardware arrangement is given in Figure 2 . Each of the various electronic components is described below.
CPU
The selection of an appropriate computational unit is a challenging task not only because of the evaluation of the required computing power but also because of the small form factor given by the design of Smart-E, the power consumption and the heat generation. Since the controlling of the robot together with the image processing require a high computational power, two separate Overo ® Fire COM Gumstix modules are integrated in the robot. These modules have a size of only 58x17x4.2 mm and are cooled passively. Each module has a 720 MHz CPU (ARM Cortex-A8) and 512 MB RAM. The operating system is installed on an 8 GB micro SD-card that is placed on the module. This module already has Bluetooth and 802.11 b/g WiFi onboard. Furthermore, the Tobi expansion board is used for both modules that comes with a 10/100 Mbit Ethernet controller, USB Host and USB OTG as well as a serial connection and the I 2 C connector. Additionally, it provides the required voltages for the module. These two Gumstix modules, one for the controlling and the other for the image processing, are connected by a small Ethernet switch to communicate with each other. This switch is also connected to the Ethernet port of the robot, acting as a communication interface to monitor the robot' s state or controlling it by a cable connection.
AHRS/IMU
To control the orientation, pitch and roll of Smart-E, it is equipped with the x-IMU Attitude and Heading Reference System (AHRS) and Inertial Measurement Unit (IMU) of the company x-io [9] . The module comes with a temperature compensated triple axis gyroscope, a triple axis accelerometer and a triple axis magnetometer. While the algorithms of the x-IMU provide real-time measurement of orientation relative to ground with an update rate of 512 Hz, the module outputs its sensor and computed data automatically and continuously at a selectable bandwidth between 1 Hz and 512 Hz.
Pressure and Temperature
For the accurate determination of the diving depth, a precision temperature compensated pressure sensor is integrated. It has a resolution of 0.15 mbar with an operating range of 0-14 bar and an accuracy of ±20 mbar. The sample rate depends on the requested resolution starting with 2 KHz at a resolution of 1 mbar to 100 Hz at a resolution of 0.2 mbar. We have decided upon the highest resolution for the best results since the update rate of the controller is far below 100 Hz. The pressure sensor is connected to the controller by I 2 C. This allows, compared to SPI, a feedback of the sensor (e.g. ACK or timeouts).
Camera
The tilt unit in the camera dome enables the robot to use only one camera to look forward or downward depending on the inspection tasks. Due to the low cost and easy connection to the controller board, a USB Logitech Quickcam S5500 webcam is used. This camera has a resolution of 1.3 Mpx and enables good quality pictures even in the case of adverse or sparse light. However, an important factor was the size of the camera module since it has to fit on the tilt unit. Many of the today' s cameras are too wide because of their illumination, a microphone or the more complex layout based on the HD capability of the camera.
Motor Controller
Smart-E is equipped with two MD22 motor controllers placed centrally at the bottom of the robot to avoid electromagnetic radiation from the power line between the controller and the motor. The controller can handle a constant current of 5 A which is about 1 A above the maximum continuous amperage of a thruster. In case of an overload, the motor is automatically slowed down to reduce the current. The Motor drivers are connected by I 2 C which provides fast and precise control of the speed of the thrusters as required for omnidirectional control..
Scanning Sonar
For distance measurements in the horizontal plane, Smart-E is equipped with a Tritech Micron Scanning Sonar. It enables the robot to perform continuous 360
• scans with a maximum range of 75 m with a minimum range resolution of approximately 7.5 mm. The energy consumption is only about 4 W and the sonar is connected to a serial port of the main Gumstix controller. Together with the sensory output from the x-IMU, the system is able to localize itself using home made localization and navigation techniques presented in [8] .
Software Architecture
The compact design requires a small embedded system given by an Overo Gumstix board. The Gumstix provides direct Linux support and the possibility to directly communicate with other peripheral hardware units over di erent interfaces like I 2 C. Linux as operating system allows the Robot Operating System (ROS) to be run, which provides open source community packages like special hardware drivers. Additionally, previously developed software from other underwater robots can be easily used. This reusability speeds up the software design considerably. The node based architecture realises an easy node-to-node communication using TCP/IP packages even between nodes running on di erent devices connected via Ethernet or WiFi.
The modularly designed software architecture of Smart-E is subdivided into three hierarchically downwards organised levels: the task level, the behaviour level and the controlling and sensor/actor level, as shown in Figure 3 . The tasks at the highest level are organised as simple Finite State Machines (FSM). This level allows the definition of complete missions like diving to a defined depth followed by an examination of the area until a pipe is found and following it. Depending on the mission and the feedback of the current second level behaviour, the FSM can switch to the next scheduled state and thus activate another There is a specific node for every device type and one managing the I 2 C communication on the third level. The control node aggregates sensor data and publishes commands to the engine node realising the holonomic drive. The localization node processes the sonar data and provides the actual position. There is an image processing node and a camera driver situated on an additional Gumstix.
behaviour. There is a failure state to handle task-specific problems or to surface the robot when it is necessary. The current behaviors send commands like reaching target-depth, -position and -pose to the controller running on the third level and request behaviour specific sensor information. The third level provides the sensor information and controls the robot.
In the following, we consider the controlling and sensor/actor level from a more detailed point of view directly corresponding to the units shown in Figure 3 . The software consists of three major nodes, the engine node and one special node for every type of device publishing the sensor data or accepting device specific control messages. The communication over the I 2 C interface is organised by the additional I 2 C core node which acts as arbiter to prevent multiple bus accesses at a time because successful data exchange over an I 2 C bus requires exclusive access for the two communicating devices. The IMU node transforms the raw data describing the robot' s orientation given by angular accelerations into quaternions [9] published with a maximum data rate of 512 Hz. The pressure node publishes the current water temperature and pressure directly corresponding to the depth. There is a dynamixel driver node to control the rotation angles of the thrusters over the Dynamixel AX-12 servo motors forming an interface to the proper dynamixel motor ROS package. The interface to the thrusters is given by the thruster driver node which allows control of the thrusters' speed and direction. The LED driver allows for setting the blinking mode and color of the RGB LEDs mounted around the robot to give visual feedback during autonomous missions. The sonar driver publishes the sonar raw data and the tilt unit driver allows control of the camera servo. The controller aggregates the IMU and pressure data, implements the feedback control of the depth and the target pose and sends behaviour-specific commands to the engine node which allows for holonomic movement of Smart-E by determining the thrusters' speed, direction and servo angles. The localization node processes the sonar raw data and determines the current position of the robot in a predefined area. Because of the computational limitations of the Gumstix the image processing is outsourced to a second device. It directly subscribes to the image data published by the camera node and extracts behaviour-specific information from the images, e.g. to follow an object or to change the tilt angle of the camera. 
Control System
Since the control of the holonomic movement of the robot is one of the most challenging tasks, some theoretical background of the the controller is given below. Furthermore, we describe our mathematical force model which is an extension of the approach of controlling an omnidirectional robot with n wheels in a plane in [1] to the scenario of 3D holonomic movement.
Holonomic drive
Since holonomic movement means the ability to control all six degrees of freedom, a mathematical force model where the vector v = (f x , f y , f z , θ x , θ y , θ z ) T describes the translation forces f i and rotation forces Θ i along and around the axes of robot coordinate system is defined, see Figure 4 . The robot and the IMU coordinate system correspond directly to each other. They are placed in the center of Smart-E, the negative y-axis faces the thruster Hyperion, the z-axis points to the top of the robot and the x-axis completes the right handed coordinate system.
The robot generates the three forces f H , f T and f P with its three thrusters Hyperion, Titan and Prometheus which result in three horizontal forces f H h , f T h and f P h in the robot' s x-y-plane as well as the three orthogonal vertical forces f Hv , f Tv and f Pv along the robot' s z-axis, as shown in Figure 5 . These forces depend on the rotational direction and speed f t of the thrusters and the thruster servo angle ϕ t to be determined for a given vector v. The angle values are limited to the range from −90°to 90°to guarantee that the propeller of the thruster is under water even when Smart-E floats on the surface.
Since there is an equivalent pair with the opposite rotational direction of the propeller and a 180°rotated angle for each angle combination, this limitation is no restriction for the holonomic movement. 
This leads to the equation
which allows determining of the horizontal and vertical forces for each thruster for a given vector v. Since the horizontal and vertical forces of a thruster depend on the rotational direction and speed of the thruster as well as on the angle of the thruster' s servo we have to determine them using the correspondences Smart-E is able to dive to defined depths and to hold them with a root mean squared error of round about 5.2 cm. A depth value of 0 cm corresponds to the depth when Smart-E floats on the surface. The depth of the test pool is about 50 cm. Near the end of the test, Smart-E was manually forced to a larger depth and returned to the target depth after releasing the robot.
Control
Our force model allows for the calculation of all necessary angle and speed values to realise the holonomic drive. Given a target consisting of a pose, a depth and a translation force in the robot' s x-y-plane, the controlling is applied by a PID controller for each force except f x and f y which are directly used for the calculation of the thruster values. In addition, the length of (f x , f y ) T is restricted to 1. The PID controller for f z determines the value based on the target depth and the actual depth in centimeters given by the pressure sensor. Whereas Smart-E is able to fully control all six DOF, the robot has to stay parallel to the water surface for the first tests and not to hold another defined pose because there are singularities using Yaw-Pitch-Roll matrices for pose description and they have to be handled specially. Therefore, the actual pitch and roll angles are provided by the IMU and controlled to 0 by the corresponding PID controller. At least a target yaw-angle can be specified and is controlled by the yaw PID controller.
First Results
The first real test scenario for the whole system and especially the mathematical model was a depth control for nearly ten minutes in a test pool. Figure 6 shows the results as a plot of the target depth and the actual reached depth in meters logged by Smart-E. The depth values are indicated in centimeters whereby a value of 0 cm represents the depth while the robot floats on the water surface.
At the beginning, at about 2.2 min and at the end of the test, Smart-E received positive target values to stay at the water surface or to resurface. Because it is impossible for the robot to reach positive depth values, there are higher di erences between target and actual depth values. The counterpart is given at about 1.7 min. The target depth is smaller than 50 cm corresponding to the ground of the pool. Facing the remaining values from the beginning until 8.4 min, Smart-E dives with a root mean squared error of 5.2 cm of the actual depth corresponding the target depth. Comparing this small error to the robot' s height and target depths down to 45 cm, it is a very good result and shows that the parameters of the PID controller were determined very well. This is indicated by small overshoot typical of PID controllers while diving to another larger depth of only a few centimeters. At the beginning, the robot starts to dive directly to a depth of up to 12 cm. In this situation, the overshoot is nearly 10 cm. The reason seems to be the I-part of the controller which rises when the robot tries to overcome its buoyant force. When rising to a more shallow level, the typical overshoot was 5 cm. Here the reason is also given by the buoyant force which has to be overcome. Between 8.5 min to 9.0 min, Smart-E tried to hold a depth of 15 cm and was manually forced down to a depth of 35 cm and 25 cm. Both times Smart-E returned to the target depth immediately after being released..
Conclusion
This paper has described the design and features of the hardware and software architecture of Smart-E. Also the mathematical background and force vector model for the holonomic underwater drive using the minimal number of rotatable thruster was presented. In the real scenario tests, Smart-E performed depth control in a test pool and reached a root mean squared error of about 5.2 cm. Qualitative tests show that the holonomic drive works and enables new capabilities of underwater robot movement. The next steps aim to handle the singularities using yaw pitch roll parameters for pose regulation by developing a controller working with axis angle pose representation.
